We present a catalog of absorption lines in the z ′ , Y, and J bands that we identified in 21 Lyn, a slowly rotating A0.5 V star. We detected 155 absorption features in the high-resolution (0.90-1.35 µm, R = 28, 000) spectrum obtained with the WINERED spectrograph after the telluric absorption was carefully removed using a spectrum of a B-type star as a telluric standard. With a visual comparison with synthetic spectra, we compiled a catalog of 219 atomic lines for the 155 features, some of which are composed of multiple fine structure lines. The high-quality WINERED spectrum enabled us to detect a large number of weak lines down to ∼1% in depth, which are identified for an A-type star for the first time. The catalog includes the lines of H, C, N, O, Mg, Al, Si, S, Ca, Fe, and Sr. These new lines are expected to be useful for spectral classification and chemical abundance analyses, whilst the line list is useful for observers who plan to use A-type stars as telluric standards because it is necessary to distinguish between stellar lines and telluric absorption lines in high-resolution spectra. ASCII versions of the spectra are available in the online version of the journal.
INTRODUCTION
Recent progress in near-infrared (NIR) spectrographs has enabled us to obtain NIR high-resolution and highquality spectra of stars and opened the possibility of deriving fundamental parameters including chemical abundances. However, reliable line catalogs in the NIR region have yet to be established. One of the most reliable NIR line catalogs based on astronomical observation was given by Meléndez & Barbuy (1999) ; they built a line catalog in the wavelength ranges of 1.00-1.34 and 1.49-1.80 µm using the solar spectrum obtained with a Fourier transform spectrometer (Livingston & Wallace sameshima@cc.kyoto-su.ac.jp 1991). However, because their line catalog is based on the solar spectrum, it does not cover lines that do not appear in the solar spectrum and hence is applicable only to stars with limited spectral types.
Aiming at extending the coverage of line catalogs in both the wavelength and spectral type directions, we are carrying out a project to establish NIR line catalogs based on observations of various types of stars using our high-dispersion echelle spectrograph, WINERED (Ikeda et al. 2016 ). In the WIDE mode, WINERED covers the wavelength range of 0.90-1.35 µm (corresponding to the z ′ , Y , and J bands) with a resolving power of R ≡ λ/∆λ = 28, 000. The high throughput of WINERED enables us to obtain high-quality spectra-the typical signal-to-noise ratio being 300 for luminous stars-with short-time exposures.
As the first step of our project, we present a line catalog produced from the spectra of an A-type star obtained with WINERED. Surprisingly, very little spectroscopic study has been carried out for A-type stars in the wavelength range of 0.90-1.35 µm. The most reliable spectral atlas of A-type stars in this range was previously given by Wallace et al. (2000) , who presented J-band spectra for 88 fundamental MK standard stars. However, because the resolving power was limited to R ∼ 3000, their spectra of A-type stars such as HR 4534 (A3 V) show a very limited number of lines besides hydrogen lines. High-resolution spectroscopic observation is thus necessary to investigate the weak absorption lines in Atype stars. On the other hand, given that the spectral lines in A-type stars are rotationally broadened in general, the resolution of WINERED is sufficient to resolve each line.
The line catalog of an A-type star is useful not only for scientific studies of A-type stars but also for making use of A-type stars as telluric standards. In low-resolution spectroscopic observations, A-type stars have been widely used as telluric standard stars owing to their relatively featureless spectra (except for strong hydrogen lines). However, their weak metal lines get resolved when the spectral resolution is high (e.g., R > 10, 000), which complicates the telluric correction unless the intrinsic stellar lines are carefully removed (Sameshima et al. 2018) . The line catalog in the present work would help to distinguish between stellar lines and telluric absorption lines in the spectra of A-type stars.
Throughout this paper, we use air wavelengths rather than vacuum wavelengths unless otherwise noted.
DATA ACQUISITION AND REDUCTION
A slowly rotating star is desirable as our target to produce the line catalog because the absorption lines are relatively deep and less affected by line blending and the identification task becomes easier. However, slowly rotating A-type stars often show chemical peculiarities (e.g., Preston 1974; Abt & Morrell 1995) . Royer et al. (2014) performed a cluster analysis of 47 A0-A1 stars with low projected rotational velocity (hereafter, v sin i) and split them into chemically peculiar (CP) and normal stars. Among the normal stars that they identified, 21 Lyn (A0.5 V, v sin i = 19 km s −1 ) was observed with WINERED, giving a high-quality spectrum that can be used for our purpose.
The observation of 21 Lyn was carried out on January 23, 2014 using the WINERED echelle spectrograph mounted on the 1.3-m Araki Telescope at the Koyama Note-The spectral types are retrieved from the SIMBAD astronomical database. The signal-to-noise ratio is measured from the standard deviation of the continuum level of the coadded spectrum at ∼1.04 µm, where telluric absorption is almost negligible.
Astronomical Observatory in Kyoto, Japan. The observation mode was set to the WIDE mode with the 100-µm-width slit, which realizes a coverage of 0.90-1.35 µm and a resolving power of R = 28, 000. The target was observed at two positions separated by about 30 ′′ along the slit by nodding the telescope to make the ABBA dithering sequence. The observation log is summarized in Table 1 .
All data were reduced in a standard manner using IRAF 1 routines as follows. Sky subtraction was performed by taking the difference between two consecutive images taken at different slit positions, i.e., A−B and B−A. Scattered light was evaluated at the interorder regions of each difference image and then removed. Flat fielding was performed using a dome-flat image. Bad pixels were then masked and replaced by linear interpolation from the surrounding pixels. Owing to the large value of the γ angle of WINERED, the spectral lines in the two-dimensional images were tilted with respect to the dispersion direction; this tilt was corrected by performing a geometrical transformation using arc-lamp images as a reference. Then, one-dimensional spectra were extracted using the IRAF task apall. Wavelength calibration was performed using Th-Ar lamp spectra that were extracted in the same way as the target object. Normalization of each frame was performed by the IRAF task continuum, where cubic spline curves or loworder Legendre polynomials were mainly used to fit the continuum. These frames were then coadded by averag-ing the counts for each pixel, in which spurious features were carefully checked by eye and masked.
The B-type star HD 43384 (B3 Iab), which was observed just before 21 Lyn with almost the same airmass (see Table 1 ), was used as a telluric calibration source. From the continuum-normalized spectrum of HD 43384 reduced in the same way as 21 Lyn, intrinsic stellar lines were carefully distinguished from telluric absorption lines by using synthetic telluric spectra created by molecfit Kausch et al. 2015) as a reference. These stellar lines and features other than telluric absorption were removed by fitting multiple Gaussian curves (see Sameshima et al. 2018 for the details). The telluric spectra retrieved in this way were used to remove the telluric absorption from the 21 Lyn spectra by the IRAF task telluric, where the difference in the effective airmass was corrected following Beer's law (Beer 1852) . Finally, we obtained the telluric corrected spectrum of 21 Lyn for the wavelength ranges of 0.910-0.930, 0.960-1.115, and 1.160-1.330 µm, which correspond to the z ′ , Y , and J bands, respectively. Note that we could not obtain the appropriate spectra for the wavelength range of 1.307-1.312 µm owing to the nonlinear response of the bad pixel region on the array; we decided not to use this part of the spectra in the following analysis.
After telluric correction, continuum normalization was again performed by the IRAF task continuum to improve the normalization. This was especially important around the wavelength ranges where the first normalization performed before telluric correction was complicated by telluric absorption lines. Note that we could not perform normalization around the hydrogen lines in the straightforward manner described above because these lines were often not fully covered within a single order owing to their large width. We therefore determined the continuum levels around the hydrogen lines so that their line profiles match synthetic spectra, which prevents quantitative discussions about the hydrogen lines. The continuum-normalized spectra of 21 Lyn are shown in Figure 1 , where the wavelengths are not heliocentric but corrected to be at rest in air by cross-correlation matching with synthetic spectra. In the figure, the telluric spectra created above are also wavelength-shifted by the same amount of 21 Lyn and shown in the lower panels. The symbol ⊕ indicates the spectral regions where we concluded that spurious features remain even after the telluric correction. ASCII versions of the 21 Lyn and the telluric spectra are available in the online version of the journal. To identify lines in the observed spectrum, we first created model spectra of 21 Lyn with ATLAS9 (Kurucz 1993) . Fundamental stellar parameters were adopted from Royer et al. (2014) , who derived the following parameters of 21 Lyn from an optical high-resolution spectrum: the effective temperature, the surface gravity, the microturbulence, v sin i, and the chemical abundances (C, O, Mg, Si, Ca, Sc, Ti, Cr, Fe, Ni, Sr, Y, Zr, and Ba) . The other elemental abundances were set to the solar values, and the solar abundance was taken from Grevesse & Sauval (1998) . The adopted parameters are summarized in Table 2 . The excitation potentials, transition terms, oscillator strengths (log gf ), and damping constants of the spectral lines used for spectral synthesis were retrieved from the Vienna Atomic Line Database (VALD; Piskunov et al. 1995; Kupka et al. 1999; Ryabchikova et al. 2015) , which is a compilation of literature information of lines based mainly on theoretical calculations. In addition, the solar-based line catalog given by Meléndez & Barbuy (1999; hereafter, MB99) was also used for spectral synthesis. Note that Figure 1 . For each wavelength range, two panels present the spectra of 21 Lyn (upper) and the atmospheric transmittance (lower). Upper panel: Continuum-normalized spectrum of 21 Lyn. The synthetic spectra created by ATLAS9 based on the oscillator strengths of the VALD database and those of Meléndez & Barbuy (1999) are indicated by red and blue lines, respectively. The symbole "X" indicates potentially significant features that are not identified in the VALD or MB99 in our analysis, while the symbol ⊕ indicates the spectral regions that show spurious features caused by imperfect correction of telluric absorption lines. Lower panel: Atmospheric transmittance derived from the spectrum of the telluric standard star. their line catalog covers 10,000Å and longer; therefore, the synthetic spectrum created with it does not cover the wavelength range shorter than 1.0 µm.
LINE IDENTIFICATION
From visual inspection of the observed and synthetic spectra, we detected 155 absorption features including very wide hydrogen lines (Pa β, Pa γ, Pa δ, and Pa ζ). Each absorption feature detected was fitted with a single Gaussian curve to measure the line depth, the full width at half maximum (FWHM), and the equivalent width. The depth was measured in percentage from the continuum level, 0% (with no visible absorption) to 100% (the maximum depth). When the absorption feature could not be reproduced with a single Gaussian curve, we measured the equivalent width by fitting multiple Gaussian curves and defined the depth of the deepest pixel as the line depth, while the FWHM was not obtained. Hydrogen lines were not measured because their spectral information was destroyed at the normalization step as described above. The results of the measurements for the absorption features are summarized in Table 3 .
The absorption features were classified according to the strengths in the following manner. The upper panel of Figure 2 shows a histogram of the measured depths for the absorption features fitted by single Gaussians. The number of lines increases toward weak lines, peaks at around 2%, and then decreases, indicating that the completeness of line detection changes at a depth around 2%. The lower panel of Figure 2 compares the measured FWHM with the depth of the same lines. The scatter in the measured FWHM increases with decreasing depth, which is simply due to the random noise of the photon counts. The scatter is clearly small for the lines stronger than 5% in depth. Considering these trends, we classified the detected features into three strength classes: 1 for lines stronger than 5% in depth, 2 for lines with a depth of 2%-5%, and 3 for lines weaker than 2%. The lines in our line catalog are mainly ranked according to these strength classes.
The detected absorption features were then carefully identified by referring to the synthetic spectra. When multiple candidates were found for a single absorption feature, we created synthetic spectra with the candidate lines ignored one by one. If the synthetic spectrum did not change significantly, we concluded that the ignored line does not contribute to the observed feature and removed it from the candidates. When more than one line survived after this check made for every candidate, we judged the absorption feature as blended lines and added the flag "B" to the rank in our line list. Fine structure lines are often blended and look like an ab- sorption feature with a single peak; thus, it is almost impossible to determine which transitions are actually detected. In such cases, we included all related transitions from VALD and MB99 regardless of log gf and added the flag "F" to the rank of the feature. Note that we did not try to measure the depth of each component for those blended or fine structure lines and assigned the same rank to them. Some of the absorption features did not have corresponding lines in the synthetic spectrum based on MB99. This is probably due to the difference in the temperatures of 21 Lyn and the sun. In those cases, we only used the synthetic spectrum based on VALD for line identification.
RESULTS
As a result of line identification, we conclude that the 155 absorption features are composed of 219 atomic lines including fine structure lines with minor contributions. The wavelength, the element, the log gf values in VALD and MB99, the excitation potential, the transition term, and the ranks of the detected lines are summarized in the form of a line catalog in Table 4 . For reference, the synthetic spectra based on this line catalog and the photospheric parameters given in Table 2 are compared with the observed spectra in Figure 1 . The list includes (2006), we introduce a line-strength index X = log gf − EP × 5040/(0.86 T eff ), where EP is the excitation potential of the lower level in electronvolts, and T eff is the effective temperature in degrees Kelvin. The diagonal dashed lines in Figure 4 indicate constant X lines, and the absorption lines are expected to be strong toward the upper-left corner. For comparison, the optical lines used for spectral classification or abundance analyses of A-type stars in the literature (Adelman 1994; Royer et al. 2014 ) are also plotted. Besides these identified lines, the spectrum of 21 Lyn show several features that we could not conclude whether the feature is a stellar line or just a spurious one for reasons such as weakness, strange line profiles, and missing from synthetic spectra. Table 5 summarizes these unidentified features with our brief notes. These features need to be investigated hopefully with higherquality spectra in the future.
DISCUSSION
Thanks to the high resolution and high sensitivity of WINERED, we increased the detected lines of an Atype star in the NIR drastically. In particular, the lines of various elements in the Y band (see Figure 3) , a relatively unexplored band, are of scientific importance for studies of A-type stars. The richness of the detected lines suggests the possibility of spectral classification, the evaluation of chemical peculiarities, and abundance analyses of A-type stars based solely on the NIR spectra. Below, we give brief comments on how the produced line catalog would be useful for various applications.
Spectral classification
In the optical spectrum, the strengths of the Ca II H & K lines relative to Balmer lines have been used for temperature classification (Gray & Corbally 2009) . For the wavelength range of 8500-8750Å, which is slightly shorter than our coverage, Munari & Tomasella (1999) proposed that the combination of Ca II triplet lines (λλ8498, 8542, 8662) and Paschen lines serves as an indicator of the spectral type between B8 and F8 like Ca II H & K lines. As an extension of these methods, the combination of seven Ca II lines detected in this work and Paschen lines may also be used for temperature classification in the Y and J bands, which should be investigated in the future using the spectra of early-type stars with different temperatures.
Chemical peculiarities
Preston (1974) divided chemically peculiar hot stars into four groups including Am and Ap stars. The Am stars are characterized by weak Ca II and/or Sc II lines and enhanced heavy metals. Although no Sc II line was detected in 21 Lyn, the presence of the Ca II and Fe II lines detected in this work indicates the possibility of judging whether or not a target is an Am star solely from NIR spectra. On the other hand, the characteristics of the Ap stars are strong magnetic fields and enhanced abundances of elements such as Si, Cr, Sr, and Eu. As can be seen in Figure 3 , many Si I lines are present in the NIR. As for Sr, we detected two Sr II lines. Sr II λ10914 is heavily blended with Mg II λλ10914, 10915 and probably not a good diagnostic line for chemically peculiar stars. By contrast, the moderately strong Sr II λ10327, which is fortunately free from telluric absorption, is not blended with other lines and thus expected to be useful as a diagnostic line for Ap stars.
In addition to the Am and Ap stars, λ Bootis stars are a group of A-type stars with chemical peculiarities discovered by Morgan et al. (1943) . It is known that the metal absorption lines of the λ Bootis stars are significantly weak compared to other early-type stars. In particular, Mg II λ4481 lines are important diagnostic features (Gray & Corbally 2009 
Abundance analysis
A large number of C I, N I, O I, Mg I, Mg II, Si I, S I, and Fe II lines in the NIR spectral range are expected to be useful for measuring CNO abundances and [α/Fe] abundance ratios solely from NIR spectra. Figure  6 shows an empirical curve of growth for the detected C I lines in 21 Lyn. Several strong lines are found in the flat part of the curve of growth and thus can be used to measure the microturbulence as well as the chemical abundance. Having many absorption lines in the NIR is important for investigating the chemical abundances of A-type stars with large interstellar extinction.
Although detailed abundance analyses are beyond the scope of this paper, the large scatter around the curve of growth seen in Figure 6 seems to be not only due to measurement errors but also due to errors in the line database. Recently, Andreasen et al. (2016) reported observationally calibrated log gf values for NIR Fe I lines, which were derived from the analysis of the solar spectrum. They found that the calibrated log gf values were different from the values in the VALD database by more than one dex for a significant number of NIR Fe I lines. These results imply the importance of observational calibration of log gf values for precise abundance analyses in the NIR. Establishment of line catalogs for various spectral types, which remains a challenge for our future research, would be a basis for such calibrations.
A-type stars as telluric standards
As it is clear in Figure 1 , A-type stars are featurerich in high-resolution spectroscopy, which should be kept in mind by observers who plan to use A-type stars as telluric standards. Our line list would be helpful to distinguish stellar lines from telluric absorption lines in the observed spectra of A-type stars. Sameshima et al. (2018) removed the hydrogen and metal lines from the WINERED spectra of A0 V stars to extract the telluric absorption with the help of our line list and accomplished high-accuracy telluric correction.
SUMMARY
Aiming at extending the coverage of line catalogs in both the wavelength and spectral type directions, we are carrying out a project to establish NIR line catalogs based on observations of various types of stars using our high-dispersion echelle spectrograph, WINERED. As the first step of our project, the line catalog of an A-type star was presented in the current paper.
The spectrum of 21 Lyn, a slowly rotating A0.5 V star, was obtained by WINERED in the wavelength range of 0.90-1.35 µm at a resolving power of R = 28, 000. After the careful removal of telluric absorption using a B-type star as a telluric standard, we detected 155 absorption features including very wide hydrogen lines in the spectrum of 21 Lyn. Line identification was then performed by visual comparison with synthetic spectra whose line information was retrieved from the VALD database and Meléndez & Barbuy (1999) . The 155 absorption features were found to be composed of 219 atomic lines. Some of these lines may have only minor contributions but are included as groups of lines that reproduce ∼10 features in our spectrum formed of fine structure lines.
We compiled the identified 219 atomic lines as a line list, in which lines are mainly ranked according to the strengths. Our line list includes the lines of H I, C I, N I, O I, Mg I, Mg II, Al I, Ca II, Fe II, and Sr II. In particular, the lines of various elements in the Y band, a relatively unexplored band, are of scientific importance for studies of A-type stars. The richness of the detected lines suggests the possibility of spectral classification, the evaluation of chemical peculiarities, and abundance analyses for A-type stars. The potential of such analyses based only on NIR spectra is important for investigating A-type stars with large interstellar extinction. Finally, our line catalog would be helpful to distinguish stellar lines from telluric absorption lines when A-type stars are used as telluric standards.
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